Objective: Quantitative proton magnetic resonance spectroscopy (MRS) was performed before and after radiation therapy to estimate its usefulness for evaluating radiation-induced metabolic brain changes.
I
t is established that proton magnetic resonance spectroscopy (MRS) is an advantageous tool for noninvasive estimation of in vivo cerebral metabolite concentration. Recently, quantification methods for cerebral metabolite concentration using MRS were proposed [1] [2] [3] [4] [5] [6] [7] to enable more precise observation of time-serial changes in cerebral metabolite concentration in the same patient. On the other hand, radiation therapy is a useful method for reduction of metastatic brain tumors. However, irradiation also causes damage to the normal cerebral parenchyma, which is divided into three phases: acute, early, and late delayed reaction. Acute and early delayed reactions are associated with cerebral parenchyma edema 8, 9 and demyelination. 8, 10 These reactions are usually transient. The late delayed reaction is irreversible and well known as delayed cerebral necrosis. 8 For imaging of radiation-induced brain metabolic changes, computed tomography, magnetic resonance imaging (MRI), and brain single photon emission tomography have been used. However, none of these methods can measure radiation-induced changes in cerebral metabolite concentration that can be detected by MRS. It is important to measure cerebral metabolite concentration for precise estimation of radiation-induced changes after therapeutic brain irradiation. As shown in previous reports, [11] [12] [13] [14] MRS is considered to be a useful tool for estimating radiation-induced brain metabolic changes. However, many reports did not quantify metabolite concentration. To our knowledge, this is the initial report concerning sequential measurement of N-acetyl-Laspartate (NAA), choline-containing substance (Cho), and creatine/phosphocreatine (Cr) concentration before and in acute and early-delayed phase.
MATERIALS AND METHODS
This study was performed from 1996 to 2000 under the approval of the ethics committee of Teikyo University Medical School and written informed consent was obtained before every examination. This study also conformed to the guidelines of the Helsinki Declaration, 1975. Twenty patients with multiple brain metastases were sequentially examined with MRI and MRS, just before irradiation, in the acute phase (n = 20, 8.5 6 4.6 days) and in the early delayed phase (n = 15, 3.6 6 0.5 month) after irradiation. The features of the patients are described in Table 1 . Patients were selected to meet the following conditions. None of them had received radiation therapy before and none of them received chemotherapy during the irradiation period. Whole brain irradiation was performed using 4.0 MeV Liniac x-ray (LINAC ML20MDX, Mitsubishi electric Co. Ltd., Itami, Japan) with an opposed technique. A total of 40 (20 fractions) to 50 (25 fractions) Gy x-ray was used. In 1 case with malignant lymphoma (case 20 in Table 1 ), the total radiation dose using a whole brain opposed technique was 40 Gy, followed by 10 Gy local booster irradiation.
MRI and MRS were performed with a 1.5 Tesla machine (Signa Horizon, General Electric Medical Systems Co. Ltd., Milwaukee, WI). T1-(TR/TE = 500/9 milliseconds) and T2-(TR/TE = 3600/84 milliseconds) weighted images were acquired. MRS was performed using a point resolved spectroscopy sequence with a chemical shift selective water suppression pulse under the following conditions: TR/TE = 4000/30, 140, 270, 540 milliseconds, width of sampling frequency 2500 Hz, data point number 2048. The volume of regions of interest (ROI) ranged from 3.6 to 5.1 cm 3 . Signals were repeated over 150 times and the results were averaged. The ROI was set in an occipital lobe cortex containing white matter (Fig. 1) . No metastatic lesions or edema were observed on T1-and T2-weighted images inside these ROIs.
Free induction decay was filtered by an exponential filter with line broadening of 3 Hz and a Gaussian function, and transformed by the Fourier transformation. Phase adjustment was performed according to the method of Klose.
15 Data processing was automatically performed with the SA/GE software package (General Electric Medical Systems, Milwaukee, WI). Curve fitting to the peak with a Lorentz function and measurement of each peak area were also performed automatically with the SA/GE software package.
To estimate the volume ratio of cerebrospinal fluid space (CSF) inside a ROI, acquisition of a water proton signal was done under the following conditions; TR = 4000 msec, TE = 20, 30, 50, 80, 140, 270, 450, 700, 1200, 1500 milliseconds, averaging 2 times. The signal intensity curve versus echo-time of water protons were fitted to a double-exponential curve using the least square method as follows: The concentration of NAA, Cho, and creatine/ phosphocreatine (Cr) were measured with 200 mmol/L of N-acetyl-L-alanine as an external standard. The B1 field was adjusted for the external standard, which was placed in front of the head. Four acquisitions (TR = 4000 milliseconds, TE = 30, 80, 140, 270 milliseconds, averaging = 20 times) were performed for the calculation of the T2 relaxation time of Nacetyl-L-alanine. The T2 relaxation times of NAA, Cho, and Cr were calculated from other acquisitions (TR = 4000 milliseconds, TE = 30, 80, 140, 270 milliseconds, averaging = 128 times). The transmitter and receiver gain and center frequency were fixed during each acquisition. The signal intensity curve versus the echo-time of these metabolites was fitted to a mono-exponential curve using the least-square method. The quantitative values of NAA, Cho, and Cr were calculated from the ratio of the peak area to that of the external standard, the estimated T2 relaxation time of each metabolite, and that of 200 mmol/L of N-acetyl-L-alanine solution as follows: The concentrations of each metabolite were calculated under the assumption that the tissue density of cerebral parenchyma is 1.6 g/mL. The effect of T1 relaxation was not considered, since protons within metabolites were almost fully relaxed under the condition of TR = 4000 milliseconds. Any significant difference in metabolite concentration between each phase was estimated by the paired t test. Figure 2 represents a sequential MR spectrum change in the patients (number 5 of Table 1 ), and Figure 3 represents the total results. The T2 relaxation time was decided as follows: NAA 473 6 40 milliseconds, Cho 356 6 45 milliseconds, and Cr 250 6 35 milliseconds. The NAA concentration decreased in the early delayed phase compared with that in the preradiation period and acute phase (P = 0.05 and 0.02). In the early delayed phase, Cho concentration increased compared with the pre-radiation period and acute phase (p = 0.006 and 0.002). No obvious lactate or lipid peak (0.8-1.2 ppm) was detected. There was no evidence of radiation-induced edema, necrosis, and demyelination spots on MRI in any patients.
RESULTS

DISCUSSION
Quantification of MRS has been achieved using various methods. Several papers proposed quantification methods using tissue water as an internal standard. We used N-acetyl-L-alanine as an external standard since the external standard material is not affected with brain radiation. Our results for the T2 relaxation times of NAA, Cho, and Cr were almost the same compared with those of the normal brain. 16 This indicated that there was no significant edema inside ROIs since the T2 relaxation time of these metabolites decreases in edematous cerebral parenchyma. 17 We use local ROIs in the occipital lobe with a PRESS technique to avoid tumorous and edematous regions and to increase the contribution of the cerebral cortex. Serious misregistration and contamination of the MR signal from skull lipids are notable problems. However, (Table 1) . A, Pre-radiation period. B, Acute phase after radiation C, Early delayed phase after radiation. The Cho peak (3.2 ppm) seemed to increase in the early delayed phase.
q 2005 Lippincott Williams & Wilkins the signal contamination due to the skull lipid was not significant since no lipid peak was detected in our study. The possibility of misregistration is unavoidable with a localized MRS technique. The method for measurement of total brain metabolite concentration was proposed, 18 however, the MR signal from tumorous and edematous regions is not negligible in this method.
Radiation therapy is frequently used for brain metastasis, and radiation-induced brain damage is a serious side effect. Radiation-induced brain damage is divided into 3 phases: an acute phase, early delayed phase, and late delayed phase. Of these, late delayed complications, which are caused by radiation necrosis several years after radiation, are the most serious, sometimes life-limiting, complication. The frequency of radiationinduced brain damage is determined by the total radiation dose, method of radiation, and duration of radiation. 8 A total dose of 40 to 50 Gy whole brain irradiation with 20 to 25 fractions has a little potential to cause radiation-induced brain damage. Whole brain irradiation with an opposed technique is not such a sophisticated method for avoiding radiationinduced brain damage. However, it is commonly used for multiple brain metastasis since the risk of metastasis elsewhere in the brain is high. Furthermore, the expected survival time is not so long in these patients. 19 The main symptoms in the acute phase reaction come from brain edema, which originates from vascular damage, such as increased permeability, 20, 21 and destruction of the blood-brain barrier. 22 No significant change in metabolite concentration was detected in our study, and no change in metabolite concentration has been reported in the acute phase.
In the early delayed phase, the concentration of choline increased and no significant change was detected in creatine. The increase in Cho concentration was interpreted as breakdown and/or increased turnover of myelin and the cell membrane. Cho concentration varies in relation to the production 23 and degradation of Cho-containing phospholipids that are abundant in myelin and the cell membrane. 24 Myelin breakdown originating from oligodendrocyte damage was reported as radiation-induced brain damage. 25 Demyelination spot is one characteristic feature of irradiated brains in the early delayed phase. 10 The breakdown of the cell membrane and myelin due to irradiation may increase water-soluble phosphocholine. 11 This water-soluble phosphocholine contributes to the Cho signal 23 that is increased in the early delayed phase. In addition, Rubin et al examined this process directly using irradiated rabbits. 26 The NAA signal decreased in the early delayed phase after radiation. This result correlated with the literature. 13, 14 Almost all NAA is thought to localize in the neurons and axons, 27, 28 and the NAA signal is related to the number of axons, dendrites, and synapses, as well as that of neurons. 29 The decrease in the NAA signal is also detected at damaged neurons (such as ischemic neurons, cerebritis, the epileptic brain, and brain injury). [30] [31] [32] [33] They are interpreted as injury and/or dysfunction of neurons. Rango et al reported that the NAA signal was related to the trans-synaptic NAA concentration and NAA metabolism in neuron that is influenced by functional neuronal activity. 34 The NAA signal decrease in the early delayed phase can be transient. 13 Thus, the loss of neuron number is less responsible for this NAA signal decrease. However, quantified MRS measurement after the early delayed phase is needed to make a conclusion. The major responsible factor for radiation-induced NAA signal decrease in early delayed phase is difficult to conclude. However, both the neuron injury and dysfunction and functional neuronal inactivity were all induced by radiation in the patients after radiation therapy, and it is true that this NAA signal decrease represents neurotoxicity of radiation.
The effectiveness for degradation of tumors and neurotoxicity are conflicting factors in brain irradiation. To establish suitable radiation doses and methods, both factors must be estimated correctly. MRS is a suitable method for in vivo estimation of neurotoxicity. The NAA signal indicates function of neuron and the Cho signal indicates the degree of demyelination. Demyelination is a direct expression of glial cell damage that leads to delayed cerebral necrosis. 35 Thus, a quantified Cho value could predict the degree of delayed cerebral necrosis.
The NAA, Cho, and Cr signals were quantified in acute and early delayed phase after whole brain irradiation in this study. Also, it is proved that MRS has a possibility to monitor radiation-induced neurotoxicity. However, some problems, such as correlating MRS findings to pathologic findings, investigating quantified MRS finding in late delayed phase, and estimating the possibility for the prediction of the radiation necrosis, are still outstanding. Further study is needed on these interesting problems.
